out clinical evidence of cancer during the first 5 years of cohort follow-up were included.
B
ASED ON THE FINDINGS FROM several retrospective and prospective observational studies, type 2 diabetes mellitus and glucose intolerance are fairly consistent, albeit somewhat controversial, risk factors for pancreatic cancer. [1] [2] [3] [4] [5] This is because it has been unresolved whether diabetes mellitus is etiologically involved in pancreatic carcinogenesis or the result of subclinical malignancy. One biologically plausible mechanism whereby type 2 diabetes mellitus may be related to pancreatic carcinogenesis is through the growth-regulatory effects of insulin. 6 Experimental studies show that insulin has growth promoting and mitogenic effects on pancreatic cancer cells 7 and patients with type 2 diabetes mellitus are known to exhibit hyperinsulinemia during the early stages of their disease. 8 The proposed hyperinsulinemia hypothesis is also indirectly supported by several studies of positive associations between obesity, lack of physical activity, and pancreatic cancer. [9] [10] [11] [12] [13] [14] We previously reported a significant 2-fold increased risk between selfreported diabetes mellitus and pancreatic cancer in the Alpha-Tocopherol, Beta-Carotene Cancer Prevention (ATBC) Study of male smokers. 14 In this case-cohort study, we evaluated whether fasting serum insulin and glucose concentrations were prospectively associated with risk for incident pancreatic cancer. To reduce the potential influence of subclinical cancer on insulin and glucose concentrations, only participants alive and with-whether ␣-tocopherol or beta carotene could reduce the incidence of cancer among male smokers. Study rationale, design, and methods have been previously described. 15 Between 1985 and 1988, 29 133 eligible men in southwestern Finland aged 50 to 69 years who smoked at least 5 cigarettes per day were randomized to receive active supplements (50 mg/d of ␣-tocopherol, 20 mg/d of beta carotene, or both) or placebo. Men were excluded from the study if they had a history of malignancy other than nonmelanoma cancer of the skin or carcinoma in situ, severe angina on exertion, chronic renal insufficiency, liver cirrhosis, chronic alcoholism, or other medical conditions that might limit long-term participation; or if they were receiving anticoagulant therapy or used supplements containing vitamin E (Ͼ20 mg/d), vitamin A (Ͼ20 000 IU/d), or beta carotene (Ͼ6 mg/d). All participants provided written informed consent before randomization into the study. The study was approved by the institutional review boards of both the National Public Health Institute, Helsinki, Finland, and the US National Cancer Institute, Bethesda, Md.
Participants completed questionnaires on general background characteristics, including medical, smoking, dietary, and physical activity history during their prerandomization baseline visit. 15 Trained study staff measured height and weight at baseline using standard methods. Body mass index (BMI) was calculated as weight in kilograms divided by height in meters squared. Diet was assessed with a validated self-administered dietary history questionnaire that determined the frequency of consumption and usual portion size of 276 food items during the past year, using a color picture booklet as a guide for portion size. 16 
Selection of Case and Control Participants
To reduce the potential influence of subclinical cancer on insulin and glucose concentrations, all participants were alive and without clinical evidence of cancer during the first 5 years of co-hort follow-up. Cases of pancreatic cancer occurring after their fifth year of cohort follow-up through December 2001 were identified from the Finnish Cancer Registry, which provides almost 100% case ascertainment in Finland. 17 As their etiology may be different from the exocrine tumors, islet cell carcinomas (International Classification of Diseases, Ninth Revision [ICD-9] code 157.4 and ICD, 10th Revision [ICD-10] code C254) were excluded. During the follow-up period, 169 exocrine pancreatic cancer cases (ICD-9 code 157 and ICD-10 code C25) were confirmed. We selected a random sample of 400 participants among all eligible cohort members alive without a cancer diagnosis as of 5 years of follow-up or subcohort control participants as the comparison group. The interval between serum collection and follow-up was up to 16.7 years (median follow-up time for diagnosis, 13.8 years).
Biomarkers
At their prerandomization visit, study participants had a venipuncture for serum after an overnight fast and serum was stored in the dark at −70°C. Frozen baseline serum samples were assayed for insulin and glucose concentration using the 2-site immunoenzymatic assay performed on an automated immunoassay system (Access, Beckman Instruments, Chaska, Minn) and a chemical analyzer and the hexokinase reagent (Hitachi 912 Chemistry Analyzer, Boehringer Mannheim, Indianapolis, Ind), respectively. Laboratory personnel were blinded to case and control sample status. Insulin resistance was estimated by using the Homeostasis Model Assessment−Insulin Resistance (HOMA-IR) formula {[fasting insulin (mIU/L) ϫfasting glucose (mmol/L)]/22.5}. 18 In 2000, 93 participants with incident pancreatic cancer that occurred through 1997 and the 400 subcohort control participants had glucose and insulin values measured. In 2004, we measured glucose and insulin values at the same laboratory on an additional 76 case participants that occurred through 2001 to increase the sample size and power of the study. Blinded replicate quality control phantom samples from a pooled sample were placed randomly in all batches. Among the samples run in 2000, quality controls were 10% of each batch and had coefficient of variation percentages of less than 5% for both glucose and insulin. For the samples run in 2004, 27% of the samples tested were from our quality control pool. Unthawed samples from the same pooled quality control serum used in the batches run in 2000 were randomly placed throughout the 2004 study samples. Unthawed vials from 8 participants from the ATBC study who were control participants in the original study were also randomly placed throughout the study samples. Using a nested components of variance analysis, with logarithmically transformed quality control measurements across all batches, 19 the estimated overall (intrabatch and interbatch) coefficient of variation percentages of the assays for glucose and insulin were 2.46% and 4.83%, respectively. The interbatch coefficient of variation percentage for the repeated measurements on the 8 control participants was 2.22% for glucose and 4.25% for insulin. Given the low coefficient of variation percentage calculated from our quality control study, we were confident that there were no differences in the measurements of glucose or insulin measured at the 2 times.
Statistical Analysis
We compared the distribution of the characteristics of the case and subcohort control participants for continuous variables using the Wilcoxon rank sum test and for categorical variables using asymptotic 2 test. Generalized linear models and logistic regression adjusted for age, continuous factors, and proportions, respectively, were used to calculate means and 95% confidence intervals (CIs) of the cohort characteristics among the control participants by fasting serum insulin quartile to help identify potential confounders. SAS software version 8.2 (SAS Institute Inc, Cary, NC) was used for these analyses.
To account for the differential sample rates of the case and subcohort control participants in a survival analysis, we used SUDAAN software version 9.0 (Research Triangle Institute, Research Triangle Park, NC) to perform weighted Cox proportional hazards regression analyses in which each participant's weight was the inverse of their sample fraction. Case participants were given weights of 1 because they were sampled with certainty and the subcohort control participants had weights of 61.77 (24 708/400). By chance, as pancreatic cancer is relatively rare, none of the subcohort sample developed pancreatic cancer during follow-up. In the survival analysis, follow-up time was used as the underlying time metric to calculate hazard ratios (HRs) and 95% CIs. Using age as an underlying time metric in the survival analysis to more tightly control for age conferred similar HRs; however, we chose to use the follow-up time metric to evaluate the effects of latent disease with stratified analyses by follow-up time. Serum glucose, insulin, and insulin resistance were categorized in quartiles based on the distribution of the control participants. Biochemically defined diabetes mellitus was defined as a glucose concentration of at least 126 mg/dL (Ն6.99 mmol/L). Dose response trends were tested using a score variable based on the median value of each category. Multivariable models were developed for serum glucose, insulin, and insulin resistance by individually adding potential confounders into the model, which included baseline age at randomization; height, weight, and BMI; smoking history (years of smoking, cigarettes smoked per day, and pack-years); urban living; education; self-reported medical history of gallstones, pancreatitis, peptic and duodenal ulcers, and diabetes mellitus; trial intervention group (␣-tocopherol or beta carotene); occupational and leisure activity; and dietary energy, energy-adjusted protein, fat, saturated fat, carbohydrate, fiber, starch, free sugars, sucrose, zinc, calcium, and folate intake, and alcohol consumption. Although none of the smoking variables were confounders of our associations in our smoker population, smoking duration was included in our models because smoking is a putative risk factor for pancreatic cancer. Other variables were included in the final model if they were associated with both the risk factor and the disease, changed the risk estimate to at least 10%, had PՅ.20 in the full model, and/or increased the precision of the risk estimate. The final multivariable models included continuous variables for age, years of smoking, and BMI.
We used a case-cohort design rather than a matched-nested, case-control design because it allows use of time-todisease data and provides an unbiased estimate of the HR in our population. It also enabled us to examine interactions by time, which was one of our study goals. Because all participants in our study were smokers, the potentially relevant matching factors for which our cases differed from the subcohort control participants were age and smoking duration (years of smoking). We controlled for these differences by including both variables as covariates in the Cox proportional hazards regression analysis, as one would in a cohort study. This model adjustment approach worked especially well for our analysis because there was substantial overlap between our case and subcohort control participants in the distributions of these variables.
Effect modification of glucose, insulin, and insulin resistance by BMI, smoking intensity and duration, alcohol intake, trial intervention group, and follow-up time was tested through crossproduct terms in multivariable models by using the serum biomarkers trend variables and dichotomized BMI, smoking, alcohol (based on the median split), and follow-up time from baseline (Ͻ8 years and Ն8, 10, 12, and 14 years, respectively). Analyses stratified by follow-up time were also conducted. All statistical tests were 2-sided and considered statistically significant at PՅ.05.
RESULTS
Selected characteristics of the case and subcohort control participants are shown in TABLE 1. Compared with the subco-hort control participants, case participants were older (PϽ.001), had smoked for more years (P=.002), tended to have higher fasting glucose concentrations (P=.06), and more often reported a history of diabetes mellitus (P=.07). TABLE 2 shows the age-adjusted means and 95% CIs of selected baseline characteristics of the subcohort control participants, according to quartile of fasting serum insulin concentration. With increasing quartiles of fasting serum insulin concentration, the mean levels of serum glucose, insulin resistance, weight, BMI, protein, and total and saturated fat intake, and the proportion of participants reporting a history of diabetes mellitus all increased (all PՅ.02), although the proportion of participants reporting living in a city (P=.04) and leisure activity of exercising to keep fit decreased (P=.02).
After adjustment for age, years of smoking, and BMI, higher concentrations of glucose, insulin, and insulin resistance tended to show positive dose-response associations with pancreatic cancer (all P for trend Յ.05) (TABLE 3) . Biochemically defined diabetes mellitus and the highest insulin quartile demonstrated significant 2-fold increased risks. There were significant interactions between quartilecategorized glucose, insulin, and insulin resistance and pancreatic cancer by follow-up time, such that risks were greater among the cases that occurred with longer follow-up time (FIGURE) . There was no interaction of the association between glucose, insulin, or insulin resistance and pancreatic cancer by BMI, smoking intensity and duration, alcohol intake, or trial intervention group, or interaction of the association for biochemically defined diabetes mellitus by follow-up time. Exclusion of participants who fasted less than 12 hours before blood collection and self-reported diabetes mellitus did not substantially change our results.
COMMENT
To our knowledge, this is the first study to show that higher prediagnostic fast-ing serum insulin and insulin resistance are associated with an increased risk for pancreatic cancer. The doseresponse nature of the association, the 2-fold increase in risk of biochemically defined diabetes mellitus, and the substantially enhanced risk observed with longer follow-up support the veracity of our results.
Both the direction and magnitude of our findings confirm the positive association between higher glucose concentrations, biochemically defined diabetes mellitus, and pancreatic cancer reported in other prospective studies. [2] [3] [4] [5] The Paris Prospective Study (all men) 5 with 17 years of follow-up and the Chicago Heart Association Detection Project in Industry cohort 3 and Whitehall study (all men) 4 both with 25 years of follow-up showed 2-to 5-fold increased relative risks for postload glucosedefined diabetes mellitus (glucose, Ն200 mg/dL [Ն11.1 mmol/L]) and pancreatic cancer mortality. [3] [4] [5] The Chicago Heart Association study 3 demonstrated a significant positive linear association for postload glucose among men that corresponded with significant increased cancer risk with increasing BMI and serum uric acid levels; however, no association for these factors were observed in women. The Korean Cancer Prevention Study (KCPS), with 10 years of follow-up, showed a similar 1.5-to 2-fold increased pancreatic cancer risk with increased fasting serum glucose and biochemically defined diabetes mellitus (fasting glucose, Ն126 mg/dL [Ն6.99 mmol/L]) for both men and women, and for both incident and fatal disease. 2 The majority of participants in KCPS are considered lean by western standards and the associations between fasting glucose and pancreatic cancer were unchanged after controlling for BMI and did not vary by BMI. 2 Body mass index is not associated with a greater pancreatic cancer risk in the ATBC study cohort despite the fact that approximately half of the population was overweight. 14 In addition, in our study, the glucose, insulin, and insulin resistance associations became stronger after controlling for BMI, and similar to KCPS, BMI did not modify our as-sociations. Smokers tend to be more insulin resistant and have higher insulin levels compared with nonsmokers, independent of obesity. 20 In addition to BMI, our findings along with those of KCPS suggest that other factors independent of BMI may also contribute to the diabetes mellitus that is associated with pancreatic cancer.
The associations we observed for diabetes mellitus, insulin concentration, and insulin resistance are unlikely a consequence of pancreatic cancer, given our prospective study design that excluded cases diagnosed within the first 5 years after blood collection. Moreover, our associations for glucose, insulin, and insulin resistance were stronger among cases that occurred at least 10 years after baseline blood draw from which the insulin and glucose were determined. Most of the participants in the highest insulin quartile have normal concentrations that do not correspond with hyperinsulinemia (Ͼ14 µIU/mL [Ͼ97.2 pmol/L]). Given the close proximity of the exocrine pancreatic tissue to the islets of Langerhans, exocrine pancreatic cells are estimated to be exposed to insulin concentrations that are 20-fold higher than the systemic circulation, which some have hypothesized may potentially have implications for pancreatic cancer promotion. 21 In vitro studies have shown that insulin promotes hamster, rat, and human pancreatic cancer cell lines. 8, 21 In addition, a number of animal studies have shown that pe-ripheral insulin resistance promotes ductal pancreatic carcinogenesis, [22] [23] [24] [25] [26] [27] and treatment with metformin, a drug used to treat glucose intolerance that specifically reduces insulin production, prevented the development of malignant lesions. 27 The peripheral insulin resistance effect on pancreatic carcinogenesis in recently developed animal models, which more closely resemble human pancreatic cancer, however, have not yet been reported. 28 These experimental studies .64
Abbreviations: BMI, body mass index (calculated as weight in kilograms divided by height in meters squared); CI, confidence interval; HOMA-IR, Homeostasis Model Assessment−Insulin Resistance. SI conversions: To convert glucose to mmol/L, multiply by 0.0555; insulin to pmol/L, multiply by 6.945. *Generalized linear models and logistic regression, adjusted for age, continuous factors, and proportions, respectively, were used to calculate means and 95% CIs.
†Dietary variables were adjusted for energy, with the exception of alcohol. support the biological plausibility of higher insulin concentrations and insulin resistance promoting pancreatic cancer development and our observed associations in humans.
In conclusion, our results support the hypothesis that higher insulin concentrations and insulin resistance may be a mechanism that explains the associations between diabetes mellitus, higher glucose concentration, and pancreatic cancer observed in previous studies. [1] [2] [3] [4] [5] 14 Although based solely on male smokers, our findings for glucose and biochemically defined diabetes mellitus are consistent with previous studies conducted in diverse populations that have included women and nonsmokers. [2] [3] [4] [5] As with any cause-specific analysis, competing causes of death were treated as censored at the time they occurred and assumed to be independent of occurrence of pancreatic cancer. If the censored events were related to occurrence of pancreatic cancer, there is potential for biased relative hazards. However, we have no reason to believe that such dependency exists, particularly because pancreatic cancer has few strong risk factors that result in higher mortality. The associations for insulin and insulin resistance reported herein require confirmation and along with observations of other studies [1] [2] [3] [4] [5] 14, 27 could potentially have important implications for nutrition and treatment-related cancer preventive strategies that modify or interfere with the insulin resistance pathway to help decrease the burden from this devastating disease. Lifestyle changes to decrease glucose and insulin concentrations through weight reduction, increasing physical activity, and diet, such as decreasing saturated fat intake, and identification of other modifiable factors that may contribute to higher glucose and insulin concentrations could possibly impact pancreatic cancer development, as well as other cancer and chronic disease. [29] [30] [31] [32] [33] Author Contributions: Dr Stolzenberg-Solomon had full access to all of the data in the study and takes responsibility for the integrity of the data and the accuracy of the data analysis.
